The advance of neuroimaging techniques has resulted in a burgeoning of studies reporting abnormalities in brain structure and function in a number of neuropsychiatric disorders. Measurement of hippocampal volume has developed as a useful tool in the study of neuropsychiatric disorders. We reviewed the literature and selected all English-language, human subject, data-driven papers on hippocampal volumetry, yielding a database of 423 records. From this database, the methodology of all original manual tracing protocols were studied. These protocols differed in a number of important factors for accurate hippocampal volume determination including magnetic field strength, the number of slices assessed and the thickness of slices, hippocampal orientation correction, volumetric correction, software used, inter-rater reliability, and anatomical boundaries of the hippocampus. The findings are discussed in relation to optimizing determination of hippocampal volume.
The advance of neuroimaging techniques has resulted in a burgeoning of studies reporting abnormalities in brain structure and function in a number of neuropsychiatric disorders. One of the brain structures which has been a focus of research is the hippocampal formation. Magnetic resonance (MR)-based in vivo measurement of hippocampal volume is an accepted technique, which has been performed in the aged 1 and healthy subjects, 2 and has revealed a number of structural abnormalities in a variety of neurological and psychiatric disorders, such as temporal lobe epilepsy, 3 Huntington's disease, 4 Turner's syndrome, 5 Cushing's disease, 6 Down's syndrome, 7 Alzheimer's disease (AD), 8 mild cognitive impairment, 9 schizophrenia, 10 major depression (MD), 11 bipolar disorder, 12 post-traumatic stress disorder (PTSD), 13 borderline personality disorder, 14 chronic alcoholism, 15 obsessive-compulsive disorder, 16 and panic disorder. 17 The MR-derived hippocampal volumetric technique has demonstrated good validity and reproducibility, [18] [19] [20] and accuracy of the measurements has been
shown by MRI volumetric measurement of phantoms with a known volume. 18, 21 However, studies on hippocampal volume in neuropsychiatric disorders are inconclusive and do not always provide consistent results. There are differences in laterality (right or left), direction (increase or decrease), and degree of the hippocampal volumetric changes. For example, smaller bilateral hippocampi in patients with schizophrenia have been found by a large number of research groups, [22] [23] [24] [25] [26] [27] but not by others. [28] [29] [30] [31] Similarly, several groups found smaller bilateral hippocampi in patients with PTSD, 32, 33 whereas others were unable to find significantly smaller hippocampi in PTSD. [34] [35] [36] In MD, significantly smaller bilateral hippocampal volumes have been reported by some, 11, 37, 38 but not by others. 39, 40 Part of the discrepancy among research findings may be attributed to the use of different methods for establishing hippocampal volume. The accuracy and reproducibility of MRI-based in vivo hippocampal volume measurements depends on three broad factors, namely image acquisition, postacquisition processing, and volumetric assessment. 19 This paper provides a discussion of the various methods that studies of hippocampal volume use. The technical aspects of image acquisition and postacquisition processing depend on the technical characteristics and type of scanner available.
It is not the purpose of this review to present researchers with another optimal protocol. Rather, this is intended as a review of some of the important factors in which these protocols diverge, and then to present recommendations for optimizing hippocampal volume analysis.
Materials and methods
We performed a Medline Indexed search with the keywords 'hippocampus,' 'volume,' and 'MRI. ' From this database, all English-language, human subject, data-driven papers were selected yielding a database of 423 records (only papers published before December 31, 2003 were included). Reviews, case studies, and volumetry studies using CT were all excluded. We have assessed the methodology sections of all these papers, to determine if the paper refers to methods used by other studies, in order to come up with the original protocols. This yielded a database of approximately 115 'original' protocols. Only protocols in which the manual tracing method (with or without the simultaneous use of region growing or thresholding) was used were included in this database. Manual tracing protocols constitute the vast majority of the protocols and are used by 90% of the studies on hippocampal volume in our database. For this reason, and because both pointcounting methods (eg MacFall et al 41 and Mackay et al 42 ) and voxel-based morphometric methods (eg Wright et al 31 ) are different analysis techniques, which are judged by a different set of criteria, they are difficult to compare to the manual tracing protocols. Therefore they are not included in this review. Nevertheless, although the methodological differences in these protocols are not mentioned in this paper, the results from these studies are discussed in the companion paper 'MR-based in vivo hippocampal volumetrics II: Volumetric estimates in neuropsychiatric disorders'.
Results
One of the first general findings that emerges from this analysis is that there is a wide range in the amount of reported detail about methodology. Whereas some protocols provide clear data-acquisition and data-processing parameters, as well as detailed anatomical criteria, a larger number of publications do not provide a great amount of detail, making it difficult to compare studies. The protocols may differ in a number of factors related to image acquisition, image processing, and anatomical guidelines, which are important for accurate hippocampal volume determination, namely image acquisition parameters, magnetic field strength, the number of slices assessed and the thickness of slices, hippocampal orientation correction, volumetric correction, software used, inter-rater reliability, and anatomical boundaries of the hippocampus. [43] [44] [45] These differences are discussed in greater detail below.
Image acquisition
The protocols employ a wide array of acquisition sequences. In all, 35% of the protocols use a threedimensional (3D)-spoiled gradient echo-recalled sequence (3D SPGR), 15% use a 3D magnetization prepared rapid acquisition gradient echo (3D-MPRAGE) sequence, 11% use a spin echo (SE) sequence, 7% use an inversion recovery (IR) sequence, 7% use some other type of gradient-recalled echo (GRE) sequence, 6% use a fast low-angle shot (FLASH) sequence, 4% use some other type of fast field echo sequence, 4% use a fast SE (FSE) sequence, 3% use some other type of echo sequence, 2% use some other type of acquisition sequence, and 6% do not mention the acquisition sequence used. In addition, parameters affecting signal-to-noise ratio and contrast, such as repetition time (TR), echo time (TE), flip angle, field of view, matrix size, and slice thickness vary greatly from study to study. The protocols make use of General Electric (52%), Siemens/CTI (26%), Philips (12%), Picker (3%), Toshiba (1%), and Ansaldo (1%) scanners. Of the protocols, 5% do not mention the manufacturer of their scanner.
Most, (88%), of the protocols used a 1.5T scanner, 4% of the protocols mention using a 1T scanner, 3% scanned at 0.5 T, and 3% used a scanner with a magnetic field strength below 0.5 T. Several protocols (2%) used a scanner operating at a magnetic field strength greater than 1.5 T. Bartzokis et al 46 have compared the volumetry of different brain structures at 0.5 and 1.5 T and demonstrated good interscanner reliability. Although images acquired on the 0.5 T scanner were acquired using a similar sequence, they differed in quality and tissue T 2 relaxation times. 47 Similarly, although measurement error is lower and measurement reliability is improved at 3 T due to increased tissue contrast, this is not significantly different from that at 1.5 T and does not dramatically increase at 3 T; the increased field strength does not significantly affect the volume measurement. 48 However, there has also been one report which compared images of the hippocampus at 1.5 T to images acquired at 4 T. 49 Using a slightly different imaging sequence at 1.5 and 4 T, they found that highresolution imaging provided superior volumetry as well as an ability to visualize subregions of the hippocampus (JA Detre, personal communication, 2003). 49 Optimization of image acquisition parameters in combination with increased field strength may thus provide superior contrast and improved hippocampal volumetry.
Not all of the studies report exactly how many slices they have assessed, but they do mention whether they assessed the whole hippocampus, part of the hippocampus (body or head), or the whole amygdala-hippocampal complex. In the past, a number of researchers 13, 50 have used the body of the hippocampus to evaluate its volume, as this correlates with total hippocampal size. 51 Lower resolution in early studies also made it difficult to see the amygdala-hippocampal boundary. Currently, however, measurements of the body of the hippocampus only are not acceptable, as this seriously affects the face validity of the volumetric measurements. Others measured the tail and body of the hippocampus but did not include the head; 52 Jack et al 53 measured the head and the body of the hippocampus but excluded the tail. Some researchers, such as Shenton et al, 54 measured the amygdala-hippocampal complex, whereas others reliably differentiated between amygdala and hippocampus. 20, 21, 55 Of the protocols in this database, 80% attempted to measure as much of the hippocampus as they could, and included the head and body in their measurements. Only a small minority of these studies excluded the tail. In all, 16% of the protocols measured the whole amygdalahippocampal complex, and 4% measured the body of the hippocampus only.
Image acquisition protocols change rapidly, as technology advances. At one time state-of-the-art MRI incorporated contiguous 5 mm thick slices; 56 however, lately contiguous slices of 1.5 mm or less are commonly used. 57 The number of slices assessed during hippocampal volumetry is a variable that is not reported very often, although a good inference of this variable can be made from the slice thickness that is used, a variable that is always reported. The number of slices assessed during a typical session will vary inversely with the thickness of the slice. Thus, using thicker slices implies that fewer slices have been assessed, unless the images have been reformatted and resliced using computer software. Using thicker (and thus fewer) slices is less time consuming, and may in some cases be preferable to using thinner slices.
Image processing
The hippocampi are variably tilted; thus, ideal image collection involves perpendicular acquisition of MR images. 56, 61 Although such an acquisition is fairly straightforward with 2D acquisition sequences, 3D acquisition sequences perpendicular to the hippocampal axis are impossible to perform on a substantial number of MR units. 62 Alternatively, this type of acquisition may also be attained by tilting the patient's head, at the expense of increasing patient discomfort. It is also possible to reformat the acquired images perpendicular to the axis of the hippocampal formation using computer software.
Of the 115 protocols, 39% use various acquisitions but reformat the slices at an angle perpendicular to the long axis of the hippocampal formation. A total of 32% do not mention which acquisition orientation they used, or if they used reformatted images, 22% report acquisitions perpendicular to the AC-PC line without reformatting of images, 5% report acquisitions perpendicular to the Sylvian fissure, and 3% reported using a head-tilt acquisition. Although there is no proof that these different acquisition protocols result in systematic over-or underestimation of absolute hippocampal volume, 43 these protocols achieve statistically significant different results. 62 There are a number of different software packages available for manual tracing. Almost all of the software that is used employs a combination of thresholding, manual tracing, and sometimes region growing. The diversity of software packages that is used is so large that it would be too much to dwell on the differences between them in this paper. However, if we look at those software packages that have been used in more than three protocols, we see that Analyze is by far the most popular software package that is used (20.0% of the protocols). Other software packages that are commonly used are MIDAS (6.1%), MEASURE (3.1%), NIH Image (2.6%), BRAINS (2.6%), and DISPLAY (2.6%). In all, 27 protocols (23.5%) report using custom or native scanner software for analyzing their data. Again, a considerable portion of the protocols (14.8%) do not report which computer program they have used. The other 22.6% of the researchers use various other computer programs both commercial and freely distributed. In some programs (such as BRAINS, MEASURE, and Display), researchers are able to view the brain in three orthogonal (saggital, coronal, and horizontal) planes simultaneously, thus allowing identification of anatomical boundaries with greater accuracy. All software packages employ some method of thresholding and/or region growing in combination with manual tracing.
People with large intracranial volumes tend to have larger brain structures, such as larger ventricles and larger hippocampi. 63, 64 Hippocampal volumes should thus be corrected for intersubject variation in head size. Correcting for head-size or whole brain volume introduces two separate sources of error and thus produces measures with lower reliability. 65 However, as Mathalon et al 66 showed, head-size correction also improves criterion validity and thus produces higher correlations with age and diagnostic status than absolute values do.
In order to control for these factors, Jack et al 67 introduced a region of interest normalization by dividing the region of interest by total intracranial volume, an approach which they borrowed from the CT literature (see Huckman et al 68 ). The majority (34%) of protocols follow Jack et al's 67 example and uses total intracranial volume to correct for intersubject variation in head size. Another method which has been used quite often (21% of the protocols) is to use division by whole brain volume for normalization. 1, 55, 69 Surprisingly, a substantial number of protocols (34%) do not use a correction factor at all. Although, in some cases, absolute volumes are needed (in epilepsy research, or when comparing automatic and manual volumetrics, for example) and thus controlling for head size is not warranted. A small number of studies (4%) uses the correlational method 70, 71 introduced by Jack et al, 53 where the corrected hippocampal volume (HV n ) is derived by taking the original hippocampal volume (HV o ) and subtracting the product of the regression line between the hippocampal volume and intracranial volume, and the difference between the individual intracranial volume (TIV i ) and the mean intracranial volume (TIV mean ). HV n ¼ HV o ÀGRAD(TIV i ÀTIV mean ). Other cerebral measures, such as whole brain volume or another cerebral control area may be substituted for the intracranial volume in this formula as well. 72 The main factor determining accuracy of volumetric measurements by manual tracing and thresholding seems to be the reliability of the within-rater measurements. 18, 73 Apparently, individual reproduction of the hippocampal boundaries is consistent, but reliability between observers is difficult to obtain even if they are using the same anatomical criteria. 43, 74 One study on intra-and interobserver variability provides an interesting illustration of this, and showed that one of the observers consistently overestimated hippocampal volume in comparison to the other observer; thus, intraobserver variability was fairly consistent with the correlation values of 0.88 and 0.97 as opposed to the interobserver correlation values, which ranged from 0.62 to 0.73.
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The inter-rater or intrarater reliability that researchers achieve varies greatly across studies and ranges from 0.64 to 0.99. Of the 115 'original' protocols, 60 (52%) report ICCs, 76 inter-rater or intrarater reliability values greater than 0.90. In all, 25 protocols (21%) report values of 0.80-0.89 and 6% of the protocols report values lower than 0.80. Still the importance of reporting reliability values has not been taken to heart by all researchers. A substantial portion of the protocols (21%) do not report any reliability values at all.
Anatomical guidelines
The anatomical guidelines that researchers use vary greatly as well. In our database of 423 studies, we have approximately 60 different anatomical guidelines. It would not be practical to report all the anatomical guidelines or their variations that these protocols use; however, it is interesting to look at the variations among the most widely used protocols. The most widely used protocols were defined as those protocols that were used in five or more studies in the original database of 423 records. These protocols have varying anatomical guidelines, which are summarized in Table 1 . The protocol of Jack et al, 53 which has been revised in 1994, 56 and that of Watson et al protocol 20 are the most popular and are reported to have been used in 31 studies each. The protocols of Soininen et al 55 and Cook et al 21 are two other important and popular ones, which are also used frequently. Together, these 14 protocols account for 46% of the hippocampal volumetric studies performed to date. The anatomical criteria of these major protocols are used in a few other protocols as well, and are employed in 51% of the research studies.
Discussion
Research groups use a variety of different methods, such as manual volumetrics, voxel-based morphometry, and stereology (or point counting), to assess hippocampal volumes in various neuropsychiatric populations. Manual volumetric assessment of the hippocampus has been denoted the 'gold standard', but considerable variation exists among research studies and there is no standard protocol or methodology to which all researchers adhere. The differences in these protocols have been attributed to various disparities in acquisition, postacquisition processing, and anatomical guidelines.
Image acquisition protocols should maximize image quality and resolution, and should minimize error such as partial volume effects, image quality, head tilt, plane of view, and movement artefacts. Image acquisitions should also maximize gray matter-white matter contrast, as this has been shown to affect hippocampal volumetry. 85 The contrast between different brain tissue types is dependent on the image acquisition sequences used and may thus influence the hippocampal measurement.
Studies of hippocampal volumetry use a variety of different image acquisitions. GRE sequences (such as 3D SPGR and FLASH [86] [87] [88] ) are popular in the field of hippocampal volumetry, and have been developed to reduce scanning time. Although eliminating the 1801 refocusing pulse allows for a significantly shorter TE and TR, GRE sequences are sensitive to susceptibility effects and do not compensate for the chemical shift between water and fat. 89 Thus, a number of techniques such as the frequency selective prepulse and IR are required to increase contrast. 88, 90 An IR GRE variant, the MPRAGE acquisition sequence, is also popular in the field of hippocampal volumetry. Optimized 3D MPRAGE sequences yield higher white matter to gray matter signal-to-noise ratios than do optimized 3D FLASH sequences. 91 IR sequences 92 provide high contrast images of the brain and more consistent hippocampal measurements.
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SE sequences are commonly used in neuroradiology, and provide excellent anatomic detail at the expense of longer scan times. 90 FSE acquisitions, based on RARE or HASTE sequences, employ more than one SE, and allow faster imaging than the regular SE sequence, without loss of contrast. 90 Speed-accuracy tradeoff is an important issue in research as well. Researchers should ideally employ image acquisition sequences, which provide high signal-to-noise ratios, and maximum anatomic detail such as FSE sequences. Magnetization-prepared GRE techniques such as MPRAGE and fast-spoiled gradient radiofrequency at steady state (GRASS)-prepared sequences also provide good signal-to-noise ratio and are preferred to conventional GRE sequences.
Field strengths of 0.5 T or lower place severe limits on resolution. Researchers should use scanners with field strengths of 1.5 T or more to ensure accurate hippocampal boundary delineation. Volumetry at 4 T is more sensitive in detecting hippocampal atrophy than at 1.5 T. 49 Images of the human hippocampus at 7 T even allow researchers to make some distinction between hippocampal layers. 93 In the future, increasing magnetic field strengths with superior spatial and temporal resolution and increased signal-to-noise ratio will allow better delineation of the anatomical boundaries of the hippocampus, with resultant improvements in accuracy and reliability.
Future research studies on hippocampal volume should also make use of thin contiguous slices, since they are less likely to be affected by a single false estimate. 57 In 1997, Laakso et al 57 examined the effect of slice thickness. They studied 10 normal subjects and acquired 3D contiguous coronal images with a slice thickness of 1.5-2 mm, which they reformatted into 1, 3, and 5 mm slices oriented perpendicular to the hippocampal axis. The hippocampal volumes acquired did not differ significantly between the different slice thicknesses used. Currently, researchers should no longer make use of 5 or 3 mm slices. As Laakso et al 57 have recommended earlier, thinner slices should be used, since they are less affected by a single false estimate.
Visualization of the hippocampus perpendicular to its long axis improves the reliability and reproducibility of measurements. 18, 43, 46, 57, 61, 62, 77 The majority of the studies do not properly report as to which acquisition orientation they used. Of those who do provide sufficient detail, the majority report using images reformatted perpendicularly to the long axis of the hippocampal formation. 56 A substantial number of protocols use different acquisition sequences (either perpendicular to the AC-PC line 25, 94, 84 or the Sylvian fissure 3, 20 ), but do not reformat their images, and a very small number of studies employ head-tilt protocols. [95] [96] [97] 3D imaging techniques allow researchers to save valuable scan time by eliminating the need for pilot scans needed for consistent positioning of images based on internal landmarks, and accomplishing this after the scan using multiplanar image reconstruction capabilities. 77 Although Sullivan et al 98 were unable to find an effect of slice orientation, this is probably because they only assessed the effect of the APC-hippocampus angle (defined as the angle variation of the longitudinal axis of the hippocampus relative to the AC-PC line) on hippocampal volume. Hasboun et al 62 have reliably demonstrated the use of reformatted images as opposed to nonreformatted images or acquisition by using a head-tilt result in statistically different hippocampal volumetric estimates; thus, it must be emphasized that researchers should provide sufficient detail in their study design, mentioning which method they used. In a study addressing various aspects of amygdala and hippocampal volumetric measurement, Kates et al 44 revealed that rotating images perpendicular to the long axis of the hippocampal formation resulted in a significantly higher intrarater reliability in measuring the hippocampus. In contrast to Hasboun et al, 62 Kates et al did not find any significant difference in hippocampal volumes obtained with images oriented perpendicular to the long axis of the hippocampus, or images oriented perpendicular to the AC-PC line. Bartzokis et al 77 compared scan-rescan reliability as well as intrarater reliability and found that reformatted 3D images showed significantly less scan-rescan variability than nonreformatted images, without sacrificing intrarater reliability. Using reformatted images decreases the sample size required to detect volumetric changes by a factor of two. Researchers should thus ideally employ images reformatted perpendicular to the long axis of the hippocampal formation in order to increase scan-rescan reliability and improve visualization of the hippocampus.
Custom software remains popular in the research world. Technological changes occur very rapidly and it is easier to implement these changes if you employ custom software. All software packages utilize some method of thresholding and/or region growing in combination with manual tracing. Identification of anatomical boundaries is more accurate if researchers are able to view the brain in three orthogonal planes simultaneously. Small differences in the algorithms used to calculate the volume may account for some of the variation in the volumes derived in the studies, although there is no reason to assume that these differences are significant. The algorithms that these programs use for these functions as well as for volume calculation/derivation are not similar as well, so this may also account for some of the differences in research findings. However, again, no empirical evidence exists indicating that this leads to significant differences.
People with large intracranial volumes tend to have larger brain structures, such as larger ventricles and larger hippocampi. 63, 64 The two major methods to control for intersubject variation in head size are division of the region of interest by total intracranial volume 67 or division by whole brain volume. 1 Free et al 72 investigated several control regions for their relationship to hippocampal volume, including the corpus callosum, the cranial area, parenchymal area on midsagittal sections, the area of the brain stem on an axial section, and cranial volume and cerebral volume taken from nine coronal sections throughout the cerebrum. The strongest correlation was between the cerebral volume and hippocampal volume. However, correction via the covariance method introduced by Jack et al 53 was superior to correction by division, resulted in a greater reduction in variance, and increased identification of hippocampal sclerosis in patients with TLE. Correction through division by whole brain volume is more effective than division by total intracranial volume, as the total intracranial volume remains constant with age, whereas total brain volume decreases. 99 Several studies have also shown that total brain volume is a significant predictor of subcortical volumes. 72, 100, 101 An important study by Bigler et al 102 revealed that hippocampal volumes corrected with whole brain volume rather than total intracranial volume provide greater specificity and sensitivity.
The reliability of measurements and scan-rescan reproducibility of hippocampal volume measurement research is a source of major interstudy measurement variability. 43 The reductions found in the various disorders are usually small and change little over time; thus, careful measurements that are reproducible should be made at all times. 77 In all studies, regardless of whether one or more raters are used, inter-rater and intrarater reliability values equal to or greater than 0.9 should be attained for the hippocampus. Prospective studies should also employ a similar protocol at all times even though better criteria exist several years after the original study was performed. Research has demonstrated that MRI-derived hippocampal volumes may be reliably acquired in different research centers. 103 As becomes evident from Table 1 , hippocampal boundaries differ quite a lot among the major protocols. There is also considerable variation in the way researchers describe the hippocampal borders. Whereas some provide accurate descriptions supported with pictures and diagrams, others are very meagre in their account of what they consider to be the hippocampus. Although, previously, a reliable distinction between the amygdala and hippocampus was difficult, due to technical limitations, currently there is no empirical reason to warrant not measuring the structures separately. Measurements of the hippocampus should include the hippocampus only and should not be carried out on the hippocampalamygdala complex as a whole. Studies of fear conditioning have shown that the amygdala plays a critical role in linking external stimuli to defense responses, especially those associated with fear. 104 In addition, the amygdala is a site for some aspects of emotional memory and modulates memory-related processes in the hippocampus. 105 In many of the manual tracing protocols, the amygdala is measured in addition to the hippocampus. The variability in volumetric studies of the amygdala is less than in the field of hippocampal volumetry, but striving for more consistency in that field should also be encouraged. Illness affects the hippocampus and amygdala differently, and researchers should measure the structures separately to obtain a more accurate picture of the morphological changes underlying neuropsychiatric disorders.
Whereas some protocols include the alveus in their conception of the hippocampus, 20, 46, 106 others choose to ignore the alveus. 81 Strictly speaking, the alveus is a white matter tract containing axons from hippocampal, subicular, and septal neurons. 107 To avoid confusion, it may be best to include it in its entirety. A large number of the protocols use the alveus to separate the hippocampus from the amygdala. Others use the mamillary bodies to separate amygdaloid and hippocampal tissue. 54 Similarly, the protocols differ in their inclusion of the subiculum and the uncal cleft, which seriously affects the comparability of these protocols. Inclusion of the subiculum may increase the volume of the hippocampus by as much as 15%. Measuring the tail of the hippocampus is the most difficult part, but using the coronal section on which the crux of the fornices is seen in full profile, allow measurement of the head, body, and most of the tail of the hippocampus (90-95%). 20, 56 Several authors define the posterior border of the hippocampus as the crura of the fornices, 20, 21, 53, 56, 108 but others use the presence of the inferior and superior colliculli, 46, 78 or the absence of the vertical fissures of the Sylvian fissure instead. 84 All of these differing anatomical boundary definitions are a source of major variation among the protocols and constitute the largest source of discrepancy in normative hippocampal volumes found by the various research studies. Proper referencing to a detailed description of the anatomical criteria used, or complete descriptions of the criteria used should be included by all researchers.
Besides the issues mentioned above, other factors such as developmental and gender aspects also affect hippocampal volume. Hippocampal volumetric studies should use proper control groups, which are matched for handedness, IQ, gender, and age. Szabo et al 109 showed that right-to-left volume ratios differed significantly between right-and left-handed participants for both the amygdala and hippocampus. Fullscale IQ and explicit memory are significantly related to hippocampal volume. [110] [111] [112] Hippocampal volumes are also subject to gender differences. Several studies have shown 113 that the volume of the hippocampal formation is larger in men than in women. 1, 72, 114 In developing children aged 4-18 years, the hippocampus increases with age. 115 In men, the hippocampus declines with age, starting in the third life decade. 116 From the age of 54 years hippocampal volume starts to decline at an increased rate (compared to total brain atrophy) in both men and women. 117 These factors should also be taken into account when comparing the results found in different studies.
Although manual volumetry is still one of the most popular methods to determine hippocampal volumes, automated methods are coming into vogue as well. One of the most troubling aspects of manual tracing is the subjective interpretation of anatomic variations. As early as 1993, Colombo et al 28 introduced an automated method for determining the volume of the amygdala-hippocampal complex. Voxel-based morphometry is an automatic method, which is gaining popularity and has been used to determine hippocampal morphometric changes; 31, [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] however, these do not provide absolute hippocampal volumes.
Other automated methods that do provide absolute hippocampal volumes are being developed at a rapid pace. The Knowledge-Guided MRI analysis program is one such program, which uses a combination of pixel intensity and spatial relationship of atomic structures to derive hippocampal volume. 128 [131] [132] [133] [134] which uses a high-dimensional fluid transformation to warp a template of the hippocampus and surrounding anatomical structures to an individual MR image. This method has also been validated, and was found to have less variability than manual tracing. 135 Regional fluid registration of serial MRI to investigate brain change has also been shown to have superior scan-rescan volumetric consistency; the mean absolute volume difference between manual and automatic methods was 0.7%. 136 However, not all of these deformable shape methods take normal hippocampal shape variation into account. Using a deformable shape method, which combines geometric properties of hippocampal boundaries, statistical characterization of normal shape variation, and manually defined boundary points, Shen et al 137 demonstrated excellent agreement between automatic and manual volumetrics of the hippocampus. Shenton et al 138 have used an active, flexible deformable shape model for the automatic volumetrics of the amygdala-hippocampal complex to investigate volumetric changes in schizophrenia. These automated methods mark the onset of a new era in structural neuroimaging. It will not be long before manual volumetrics is replaced by automatic volumetric methods, which produce similar but more consistent results. This will also make it easier to implement a common methodology, although the various opinions on automated volumetric methods that exist today will very likely continue their existence far into the future.
Future directions
An appreciation of the differences in research methodology helps to understand discrepancies in research findings. Ideally, researchers would adopt a universal methodology. This would lead to more consistent results in neuropsychiatric studies of hippocampal volume, and allow researchers to compare results of different studies. However, diversity, fuelled by healthy scepticism is inevitably part of the advancement of science. Automated volumetrics, which has already found widespread use in various other brain structures, may also play an important role in the field of hippocampal volumetry. Until then, manual tracing remains the gold standard.
